al., 1998). In tail SNs, 5HT can induce three distinct hours prior to the onset of LTM, (2) requires protein but not RNA synthesis for its induction, whereas LTM phases of PKA activation (Mü ller and Carew, 1998) with temporal dynamics highly similar to the three phases of requires both, and (3) requires persistent activation of PKA for its expression. Thus, the distinctive temporal synaptic facilitation described previously. . Moreover, the anatomical separation of the tail SNs (in the pleural ganapses is reinforced by the observation that inhibition of PKA activity following five pulses of 5HT blocks the glion) and siphon withdrawal circuitry (in the abdominal ganglion) provides distinct experimental advantages, as expression of ITF (Sutton and Carew, 2000 Following training, the duration of T-SW in control zation was clearly biphasic: ITM was evident from 10-85 min after training, as was LTM the following day, but no animals (No Shock group) was not significantly different from baseline at any of the post-tests ( Figure 1B ), demsensitization was evident from 3-3.5 hr after training ( Figure 2A ). These data show that our training conditions onstrating that baseline T-SW was stable over the duration of the experiment. STM for sensitization of T-SW can induce two temporally discontinuous phases of memory for sensitization, one in the short-term/intermewas evident 10 min after a single shock (p Ͻ 0.05), decaying to baseline within 25 min (1xShock group). In diate-term domain and the other in the long-term domain. contrast, five shocks induced ITM for sensitization of T-SW lasting Ͼ85 min (p Ͻ 0.05 at all time points), but
The temporal dynamics of memory for sensitization observed previously give rise to two intriguing behavdecaying to baseline by 3 hr; the duration of T-SW in all groups was comparable to baseline (NS) at this time ioral predictions: (1) after five tail shocks, animals should exhibit no memory for sensitization after the decay of point. A subset of animals in the 5xShock group (n ϭ 6 of 12) also demonstrated LTM for sensitization 20-24 ITM, and (2) the same animals should then demonstrate LTM for sensitization when tested the following day. To hr later (Figure 2A ; see Experimental Procedures). In contrast, the duration of T-SW in the NS or 1xShock explore these predictions, we examined the time course of sensitization in independent groups that differed only groups 20-24 hr after training averaged 97.7 (Ϯ3.71) and 89.8 (Ϯ4.17) (mean Ϯ SEM) percent of baseline, by the passage of time between training and testing ( Figure 2B 1 ). One group was tested 25 min after the last respectively, and no animals in either group demon- Figure 3 compares the temporal dynamics of memory for sensitization after five spaced tail shocks with the time course of (1) SN PKA activation (Mü ller and Carew, 1998) and (2) SN-MN synaptic facilitation (Mauelshagen et al., 1996) after five pulses of 5HT. Given the striking temporal correspondence between these three forms of plasticity, we were encouraged to further examine their relationship on a mechanistic level. Specifically, if SN plasticity and behavioral memory for sensitization are related, we would expect them to have mechanistic features in common.
Sensitization in the Reduced Preparation
To examine the mechanisms underlying memory for sensitization, we used a reduced tail-siphon preparation attached to the CNS ( Figure 4A ). In this preparation, the ring ganglia (which contain tail SN-MN and tail SNinterneuron synapses) and abdominal ganglion (which contain the siphon SNs and MNs) are anatomically isolated; thus, drugs can be administered to the ring ganglia in a manner that does not affect motor components of siphon withdrawal. To first confirm this functional isolation, we examined the effect of blocking synaptic transmission in the ring ganglia on performance of the same motor response (siphon withdrawal) elicited by tactile stimulation of either the tail (T-SW) or siphon (S-SW) ( Figure 4B ). When the ring ganglia were perfused with artificial seawater (ASW) containing 3 x Mg 2ϩ ASW and 0 Ca 2ϩ , T-SW was completely abolished but S-SW was unaffected. This effect was reversible: the duration of T-SW recovered to baseline levels when the perfusion was returned to normal ASW. These results confirm both the functional isolation of the ring ganglia in the reduced preparation and the independence of motor perfor- Given that LTF requires transcription (Montarolo et training were also conducted following washout of the drug/vehicle from the bath. Blocking PKA activity with al., 1986), we next explored whether the same course of actinomycin treatment would block the induction of KT 5720 reversibly abolished ITM expression after training, but had no effect on baseline T-SW in nontrained LTM (measured at 18 hr) after five tail shocks ( Figure  6B ). In the absence of actinomycin, five shock training preparations (Figure 7) . Moreover, after KT 5720 washout, memory for sensitization was again apparent (comproduced a significant increase in duration of siphon withdrawal at the long-term test (p Ͻ 0.05). LTM for parable to ITM in controls), demonstrating that the expression of ITM was disrupted by PKA inhibition. Thus, sensitization was blocked by preincubation with actino- The protein synthesis inhibitor emetine (100 M) was applied to the ring ganglia from 40 min prior to pre-tests until the completion of training. Data are expressed as mean (Ϯ SEM) duration of T-SW normalized to the average of three pre-tests in preparations treated with ASW or emetine and trained with NS (top; n ϭ 3/group), 1xShock (middle; n ϭ 6/group), or 5xShock (bottom; n ϭ 6/group).
like ITF at tail SN-MN synapses, ITM for sensitization memory. Thus, the cellular model of sensitization has generated many behavioral predictions that are now of T-SW requires protein, but not RNA, synthesis for induction and persistent PKA activation for its expossible to test directly. In particular, the ability to dissociate different phases of synaptic facilitation based on pression.
both temporal dynamics and distinct molecular requirements provided us the opportunity to identify a unique Discussion intermediate phase of memory that shows close correspondence to that predicted by the cellular model. The induction of SN-MN synaptic facilitation by 5HT has been widely used as a cellular model of behavioral While the temporal and mechanistic correspondence between plasticity at monosynaptic tail SN-MN connecsensitization in Aplysia. This system has proven to be very useful in providing insights into candidate cellular tions and behavioral memory for sensitization is striking, it should be emphasized that T-SW is mediated by a and molecular events that underlie different phases of flects some fundamental property of memory retention. Given that the temporal discontinuity between memory Taken together, these results implicate an important role of SN plasticity in memory expressed in the T-SW reflex, phases for sensitization is also associated with distinct mechanisms for each phase (discussed later), our realthough they do not preclude the possibility that plasticity at other sites in the T-SW circuit contributes to the sults support the original suggestion by Kamin (1957 Kamin ( , 1963 tic and biochemical levels also distinguish each phase of memory at the behavioral level. While the lack of memory for sensitization from 3-6 hr after five shock training appears counterintuitive from Results from two previous studies have shown that LTM for sensitization requires new protein and RNA synan adaptive perspective, the biphasic retention profile we observe for sensitization is similar to a well-estabthesis. Castellucci and colleagues ( PKA that is induced by the same pattern of 5HT expothat can be distinguished on the basis of their temporal sure (Mü ller and Carew, 1998). We found that the expresdynamics (as discussed previously), these same phases sion of ITF was abolished when PKA activity was have distinct mechanistic requirements for induction.
blocked, and that the synapse returned to a facilitated Thus, a short-term phase of hyperexcitability requires level when the PKA inhibition was relieved. In the present neither protein nor RNA synthesis; an intermediate-term study, using an analogous method, we found that phase requires protein but not RNA synthesis, and a blocking PKA activity reversibly disrupted ITM expreslong-term phase requires both. These studies thus demsion. The fact that ITM recovered following removal of onstrate that multiple phases of neuronal plasticity in the PKA inhibitor suggests that the underlying proseveral systems can now be distinguished by their uncesses responsible for the persistent PKA activation, derlying mechanism. once induced, are maintained in the face of PKA inhibiFinally, multiple phases of memory in both vertebrate tion. These results demonstrate that a persistent activaand invertebrate animals can also be mechanistically tion of PKA underlies the expression of ITM. washed out 15 min prior to pre-tests. weighing Ͼ300 g were used in the experiments. For the analysis of sensitization in freely moving animals, animals were housed and Data Analysis tested in individual chambers. A minimum of four days prior to Baseline duration of T-SW was determined by the average of three testing, animals were anesthetized (by cooling), and the parapodia pre-tests. To examine ITM for sensitization, baseline T-SW (in s) and were removed to enhance visibility of the siphon. In all experiments, T-SW following training were analyzed with a single factor analysis of duration of siphon withdrawal was measured by an observer who variance (ANOVA). Following the ANOVA, individual time points were was blind to both training and drug condition (where applicable). compared against baseline using Fisher's LSD to test for significant Prior to training in all experiments, three pre-tests (ITI ϭ 15 min) sensitization. For experiments examining LTM for sensitization, were conducted to ensure a stable baseline of tail-elicited siphon T-SW at the long-term tests was compared with baseline using a withdrawal (T-SW) duration. In each of these tests, the tail (approxipaired t test within a group, while differences between groups (using mately 1 cm from its tip) was stimulated with a water jet (0.5 s data normalized to baseline) were compared with an unpaired t test. duration), which elicited siphon withdrawal that typically lasted beIn one set of experiments ( Figure 2B 2 ), deviations from normality tween 5 and 10 s in duration. For training, tail shocks (1.5 s duration) precluded the use of parametric statistics for data analysis. In this were delivered to a site immediately posterior to the convergence experiment, differences between groups were assessed with a of the parapodia through a handheld electrode (see Figure 1A) . The Mann-Whitney U test. nominal current across the electrode was 100 mA, although much of this current is shunted by the seawater. In experiments examining Acknowledgments the effects of single versus repeated shocks, the single shock was applied in temporal register with the last of the five shocks (ITI ϭ 
